Progress in determining the precise organization and function of the claustrum (CLA) has been hindered by the difficulty in reliably targeting these neurons. To overcome this, we used a projection-based targeting strategy to selectively label CLA principal neurons. Combined with adeno-associated virus (AAV) and monosynaptic rabies tracing techniques, we systematically examined the pre-synaptic input and axonal output of this structure. We found that CLA neurons projecting to retrosplenial cortex (RSP) collateralize extensively to innervate a variety of higher-order cortical regions. No subcortical labeling was found, with the exception of sparse terminals in the basolateral amygdala (BLA). This pattern of output was similar to cingulate-and visual cortex-projecting CLA neurons, suggesting a common targeting scheme among these projection-defined populations. Rabies virus tracing directly demonstrated widespread synaptic inputs to RSP-projecting CLA neurons from both cortical and subcortical areas. The strongest inputs arose from classically defined limbic regions, including medial prefrontal cortex, anterior cingulate, BLA, ventral hippocampus, and neuromodulatory systems such as the dorsal raphe and cholinergic basal forebrain. These results suggest that the CLA may integrate information related to the emotional salience of stimuli and may globally modulate cortical state by broadcasting its output uniformly across a variety of higher cognitive centers.
endopiriform regions again requires careful targeting of viral injections and may result in non-specific labeling issues .
Alternatively, CLA neurons may be defined based on their projection to a particular cortical region using injections of a retrogradely transported Cre-expressing virus. This approach has been reported using adeno-associated virus-6 (AAV6) (Kitanishi & Matsuo, 2017) , however care must be taken in choosing a cortical region that receives input only from CLA, but not overlying insular cortex, to avoid nonspecific labeling. In this study, we found that the posterior retrosplenial cortex (RSP) was ideally suited for this purpose as it receives dense input specifically from the CLA, but not from surrounding structures, allowing for the precise targeting of CLA cells following secondary injections of a Cre-dependent AAV vector.
Using this approach, we addressed several unresolved questions regarding the anatomical organization of the CLA. Specifically, we aimed to (1) determine whether or not the CLA projects subcortically, (2) examine the extent to which CLA neurons collateralize broadly or form segregated, pathway-specific projections, and (3) directly reveal the presynaptic inputs to the CLA, including those from previously unreported subcortical regions, using monosynaptic rabies virus mapping. Together, our results provide a more complete understanding of the CLA network in the mouse brain, and provide an alternative approach for precisely targeting CLA neurons that may be adapted for use in future functional studies.
| MATERIALS AND METHODS

| Animal preparation and stereotaxic surgery
All experimental procedures used in this study were approved by the Animal Care and Use Committee at the University of Southern California. Male and female C57BL/6J and Ai14 Cre-dependent tdTomato reporter mice (Jackson Laboratories) Bar Harbor, ME, and GAD67-GFP mice (from Dr. Yuchio Yanagawa, Brain Science Institute, RIKEN, Japan) aged 2-6 months were used in this study. Mice were group housed in a light controlled (12 hr light:12 hr dark cycle) environment with ad libitum access to food and water.
Stereotaxic injections of viruses and neural tracers were carried out as previously described (Xiong et al., 2015) . Mice were anesthetized initially in an induction chamber containing 5% isoflurane mixed with oxygen and then transferred to a stereotaxic frame equipped with a heating pad. Anesthesia was maintained throughout the procedure using continuous delivery of 2% isoflurane through a nose cone at a rate of 1.5 L/min. The scalp was shaved and a small incision was made along the midline to expose the skull. After leveling the head relative to the stereotaxic frame, injection coordinates based on the Allen Reference Atlas (Dong, 2007) were used to mark the location on the skull directly above the target area and a small hole (0.5 mm diameter) was drilled. The following coordinates were used to target RSP (3.9 mm posterior and 1.0 mm lateral to bregma and 0.4 mm ventral from the cortical surface), anterior cingulate area (ACA) (0.5 mm anterior and 0.4 mm lateral to bregma and 0.9 mm ventral from the cortical surface), and primary visual cortex (V1) (4.0 mm posterior and 2.6 mm lateral to bregma and 0.4 mm ventral from the cortical surface). To target the CLA, a hole was drilled 0.1-0.7 mm anterior and 3.7 mm lateral to bregma, and the head was then rotated laterally 10 before lowering the pipette through the center of the hole to a depth of 2.4 mm below the cortical surface. Mice were injected in either the right or the left hemisphere, which resulted in identical, yet mirrored, patterns of labeling for both CLA input and output. Viruses or neural tracers were delivered through pulled glass micropipettes (inner diameter of tip:~20 μm) using pressure injection via a micropump (World Precision Instruments, Sarasota, FL). Total injection volume was 60-80 nL, at 15 nL/min. After withdrawing the micropipette, the scalp was sutured closed and animals were administered ketofen (5 mg/kg) to minimize inflammation and discomfort. Animals were recovered from anesthesia on a heating pad and then returned to their home cage.
| Histology
Following sufficient post-injection survival time, animals were deeply anesthetized and transcardially perfused with 4% paraformaldehyde.
Brains were extracted and post-fixed for 24 hr at 4 C in 4% paraformaldehyde and then sliced into 150 μm thick coronal sections using a vibratome (Leica, Buffalo Grove, IL, VT1000s 
| AAV injections for mapping CLA output
To label the axonal output of projection-defined CLA neurons, 80 nL injections of AAVretro-hSyn-Cre-WPRE-hGH (see Tervo et al., 2016;  1.2 × 10 14 GC/mL, custom ordered from ViGene Biosciences, Rockville, MD) were targeted to RSP, V1, or ACA in Ai14 or wild-type C57BL/6J mice to express Cre-recombinase in CLA neurons that project to each region, respectively. In the same surgical procedure, a second injection (60 nL) of AAV1-CAG-FLEX-eGFP-WPRE-bGH (UPenn vector core, 1.7 × 10 13 GC/mL) was targeted to the ipsilateral CLA for V1-and RSP-projecting CLA neurons. For ACA-projecting CLA neurons, iontophoretic injections of AAV1-CAG-FLEX-eGFP-WPRE-bGH (Stoelting, 5 μA current, alternating 7 s on/off for 5 min) were applied to restrict viral spread and minimize the potential labeling of adjacent Cre + insular cortex neurons that also project to ACA. Animals were euthanized 3 weeks following injection to allow time for viral transport and transgene expression.
| Monosynaptic rabies virus tracing
To label the presynaptic inputs to RSP-projecting CLA neurons, wildtype C57BL/6J mice were injected in RSP with 80 nL of AAVretrohSyn-Cre-WPRE-hGH and in the same surgical procedure, the ipsilateral CLA was injected with 60 nL of a 1:1 mixture of AAV1-EF1a-DIO-HTB (Salk vector core, 5.7 × 10 12 GC/mL, virus expresses histone-bound GFP, TVA receptor, and rabies glycoprotein) and AAV1-CAG-FLEX-RG (UNC vector core, 3.5 × 10 13 GC/mL, virus expresses only rabies glycoprotein), which was added to boost rabies glycoprotein expression in starter cells and enhance the presynaptic transfer of rabies virus. Following 3 weeks, a second injection of pseudotyped, glycoprotein-deficient rabies virus (EnvA-ΔG-mCherry rabies, Salk vector core, 8.6 × 10 7 GC/mL) was injected (80 nL) into the same location of the CLA. Animals were euthanized 1 week later and brains were extracted and examined for presynaptic, mCherry+ cell bodies. To examine the identity of presynaptic basal forebrain neurons, the same injection procedure was performed on GAD67-GFP mice (Tamamaki et al., 2003) and combined with immunostaining for cholinergic neurons (see Histology section).
| Imaging and quantification
All images were generated using a confocal microscope (Olympus FluoView FV1000). To quantify the number of double-and triplelabeled CTB+ CLA neurons projecting to ACA, V1, and RSP, one out of every two coronal sections was collected across the entire length of the CLA (from about +1.2 to −1.0 mm relative to bregma, 7 sections total, 150 μm thick) and imaged in a single focal plane at 40× magnification. Individual CLA neurons were quantified manually and examined in separate fluorescent channels for the presence of two or more tracers for n = 3 mice total.
To quantify the density of axonal output for RSP-projecting CLA neurons, one out of every two coronal sections (150 μm thick) were collected across the entire brain and mounted in serial order. Brain regions containing fluorescently labeled axons and terminal boutons were identified and scanned at 10× magnification at the same laser intensity. Using
Photoshop, background was then subtracted from each image (thresholding to 4× greater than the mean background intensity) and images were rendered binary. For each brain region, at least five 300 × 300 μm sample areas were then selected across multiple sections to generate an average pixel density corresponding to axonal fluorescence. Average values for each region were then expressed as a fraction of the total pixel density quantified for all regions in a given animal to generate a normalized projection density profile for n = 3 animals. To compare projection density profiles for ACA-, V1-, and RSP projecting CLA neurons, the same approach was applied, however only seven brain regions were selected for analysis and images were collected at higher magnification (40×). Average pixel density values for each region were normalized by dividing by the total pixel density quantified for the seven sampled regions. Normalized projection density profiles were then compared for n = 3 animals in each group.
To determine the number of cells that provide monosynaptic input to RSP-projecting CLA neurons, one out of every two coronal sections (150 μm thick) was collected across the entire brain and imaged at 4× magnification. Brain regions were delineated using the Allen Reference Atlas (see Table 1 for list of anatomical abbreviations) and mCherry+ cell bodies within each region were manually quantified and expressed as a fraction of the total cells quantified for a given animal. Normalized input profiles were then compared for n = 4 animals.
To quantify the number of cholinergic and GAD67+ basal forebrain Table 2 for cell counts for each animal). (e) Quantification of co-labeling for V1, RSP, and ACA-projecting CLA neuron populations (n = 3 mice, error bar = 95% CI)
neurons that project to the CLA (Figure 6d -f ), rabies labeled mCherry + neurons were examined for co-expression of ChAT antibody or GAD67-GFP at 10× magnification for n = 3 animals. Co-labeled neurons were expressed as a percentage of the total number of rabies mCherry+ neurons in the basal forebrain for each animal.
| Statistics
All statistical analyses were performed using GraphPad Prism 6. For comparison of ipsilateral and contralateral inputs to CLA, percentages were first quantified from individual brain sections (at least three values for each region) for each of n = 4 animals and were determined to have a normal distribution using the Shapiro-Wilk normality test.
Comparison of means was then performed by paired Student's t test.
Differences between datasets were considered significant if p < .05.
To test for any significant differences in the overall projection pattern for each population of target-defined CLA neurons, we performed two-way ANOVA analysis. Results for all histograms are expressed as mean AE 95% confidence interval. Lower case "n" always denotes the number of animals used in a set of experiments.
3 | RESULTS
| Distribution and co-localization of RSPprojecting CLA neurons
The CLA has previously been shown to project to the RSP in rodents using both retrograde and anterograde tracing approaches White et al., 2016) . However, the extent to which RSPprojecting CLA neurons form a segregated population or co-localize with other projection-defined CLA neurons remains uncertain. To directly test this, we injected equal volumes of CTB conjugated with Alexa 647, 488, or 555 into the ACA, V1, and RSP, respectively, in the same animal to retrogradely label CLA neurons that project to each of these regions ( Figure 1a , Table 2 ). The ACA was selected since retrograde tracer injections here have been shown to strongly label CLA neurons throughout the entire length of the structure, and the distribution of these cells has been confirmed to fall within the boundaries of the CLA as defined by dense parvalbumin (PV) immunoreactivity and Gng2 expression (Mathur et al., 2009; White et al., 2016 White et al., , 2018 .
Similarly, V1 was selected as it has been shown to receive CLA input, however, some reports suggest that sensory cortical regions may receive segregated inputs from discrete parts of the CLA (Kitanishi & Matsuo, 2017; White et al., 2016) . Interestingly, all three injections resulted in CLA cell body labeling that was spatially overlapped and evenly distributed along the length of the structure ( Figure 1c ). However, approximately twice as many cells were observed projecting to the ACA compared to RSP or V1, suggesting a denser innervation profile for this structure ( Figure 1d , Table 2 ). Occasionally, retrogradely labeled cells were found outside the CLA in the surrounding insular cortex following injections in ACA, but not RSP or V1, making ACA a less attractive target for accessing CLA neurons, despite its stronger connectivity.
To determine whether ACA-, V1-, and RSP-projecting CLA neurons represent separate populations with unique output or rather collateralize to multiple targets, individual neurons were examined for the presence of two or more tracers using confocal imaging at 40× magnification ( Figure 1b , bottom panels). For each population, a surprisingly large fraction of cells was found to be double-labeled, ranging from 23% to 57% for each combination, while the occurrence of triple-labeled cells ranged from 15% to 32% (Figure 1e ). This suggests that CLA neurons, including those projecting to RSP, may frequently collateralize to innervate multiple cortical regions. Taken together, these data reveal that RSP receives input from a population of uniformly distributed, broadly targeting CLA neurons, and may therefore serve as a suitable target for capturing a representative population of CLA cells using a retrograde viral tracing approach.
| Output of projection-defined CLA neurons
To directly examine the output of RSP-projecting CLA neurons, a recently developed retrograde variant of AAV (AAVretro-hSyn-Cre; Tervo et al., 2016) was injected into the RSP in Ai14 Cre-dependent tdTomato reporter mice (Madisen et al., 2012) . Robust labeling of Cre +/Tom + neurons was observed throughout the length of the CLA, but not in surrounding cortical or endopiriform regions (Figure 2b ).
Injection of a second, Cre-dependent GFP-expressing virus basolateral amygdala (BLA), including the mediodorsal (MD) and parvicellular ventral posteromedial (VPMpc) nuclei of the thalamus, which receive input from the surrounding insular cortex (Shi & Cassell, 1998; Figure 2c ). These results suggest that RSP-projecting CLA neurons may comprise a subset of "generic" CLA principal cells that collateralize broadly and overlap substantially with other target-defined CLA populations.
To further test this idea, we injected AAVretro-Cre in either ACA or V1 and AAV1-FLEX-GFP into the CLA to directly compare the output of each of these populations with that of RSP-projecting neurons. In the case of ACA-projecting neurons, iontophoretic injections were applied in the CLA to minimize the potential for labeling Cre+ neurons sparsely found in the overlying insular cortex. Qualitatively, the pattern of output across the entire cortex for ACA-and V1-projecting neurons matched that observed for the RSP-projecting population (Figure 3a) , suggesting that each group branches substantially to innervate the same set of cortical structures. To more closely examine any targeting bias among these populations, we quantified and compared the relative axonal projection density in several different cortical regions for each case (Figure 3b ). Similar densities were observed for each population (no significant difference revealed by two-way ANOVA), however ACA-projecting CLA neurons showed a slight bias toward innervating frontal cortical regions (ORBvl, mPFC, ACA) relative to more posterior regions (RSP, ENTl, V1) when compared to RSP-and V1-projecting populations. These results demonstrate that, overall, these projection-defined CLA neurons share a common pattern of cortical innervation and may represent largely overlapping populations, however subtle bias may exist in the relative density of innervation for different groups.
| Monosynaptic input to RSP-projecting CLA neurons
We next aimed to characterize the presynaptic input to the CLA using Figure 5 ) and individual cell bodies were quantified within ipsi-and contralateral cortical and subcortical regions ( Figure 6 ; Table 3 ).
Overall, most input to the CLA arose from the cortex (Figure 6a ), which accounted for about 84% of the total presynaptic cell population ( Figure 6c ). Among these inputs, higher-order cortical regions were most prominently labeled, including orbital, medial prefrontal, cingulate, temporal, and entorhinal areas (Figures 5 and 6a ). Cell bodies were found mostly in cortical layers 2/3 and 5 for each of these regions, however layer 6 was also labeled in temporal cortex (Figure 4d ). Sparse labeling was also observed in the parietal cortex (layers 5 and 6), auditory cortex (layers 2/3 and 5), and in higher visual areas (layers 2/3, 5, and 6) (Figures 4d and 5 ). Very little labeling was found specifically within primary visual cortex (VISp), however the few cells we did observe tended to be located within cortical layer 6 ( Figure 5 ). This is consistent with previous findings in rat (Zhang et al., 2001; Smith & Alloway, 2014) and in cat (Katz, 1987; LeVay & Sherk, 1981) , though a far greater number of layer 6 CLA-projecting neurons are present in cat VISp, perhaps representing a speciesspecific difference. In addition, substantial intraclaustral connectivity was found in regions posterior to the starter population (Figure 4d , bottom right panel). Higher magnification revealed many of these neurons exhibited dendritic spines, a morphological feature of CLA principal cells, suggesting these neurons may form a network of excitatory connections along the length of the structure. Finally, little or no labeling was observed in the somatosensory or motor cortex, or in the RSP (Figures 5 and 6a) . Overall, the major sources of input to the CLA appeared to be the same regions that were most heavily targeted by CLA output, suggesting that these areas define a reciprocally connected claustro-cortical network. A notable exception, however, is the RSP which receives dense input from, but does not project back to, the CLA.
In addition, while nearly all claustro-cortical output was found to target the ipsilateral cortex (Figure 2c ), we found prominent inputs to the CLA from contralateral cortical regions, suggesting an asymmetrical interhemispheric organization of the claustro-cortical network. In particular, while most cortical input areas showed an ipsilateral bias in their projection to the CLA, cell body labeling was approximately equal in both hemispheres of the medial prefrontal cortex and was about 30% greater in the contralateral cingulate cortex (Figure 6b ). This is in line with previous studies that have reported bilateral asymmetry in cortical projections to the CLA using retrograde (Smith & Alloway, 2010) and anterograde tracing methods (Atlan et al., 2016; Smith & Alloway, 2014; Wang et al., 2016) . Together, these results suggest that cortical inputs to the CLA are highly convergent, as a wide variety of cortical regions provide synaptic input to a specific set of projection-defined CLA cells. Moreover, these inputs arise primarily from the same higher-order cortical regions that receive claustral output, thus defining a claustro-cortical network that is largely reciprocal, but contains notable examples of asymmetry in its interhemispheric connections.
Finally, inputs to the CLA from subcortical regions have not been systematically characterized. We therefore examined brain sections for any presynaptic cell body labeling in regions outside the cortex.
Substantial labeling was found in the basolateral amygdala; supramammillary nucleus; paraventricular, anteromedial, and reuniens nuclei of the thalamus; and the CA1 region of the ventral hippocampus (Figures 4e, 5 , and 6a). In addition, we found prominent input from neuromodulatory cell populations in the dorsal raphe (presumed serotonergic neurons), and the basal forebrain, which contains cortically projecting cholinergic neurons. To further confirm the identity of presynaptically labeled basal forebrain neurons, we performed monosynaptic rabies virus tracing in GAD67-GFP mice (Tamamaki et al., 2003) combined with immunostaining for choline acetyltransferase (ChAT), a marker for cholinergic neurons (Figure 6d-f ) . We found that approximately 65% of CLA-projecting basal forebrain neurons are cholinergic, while~20% of them are GAD67+. The remaining 15% may be either glutamatergic or GAD2+ inhibitory neurons. Together, these data suggest that, in addition to a prominent network of cortical inputs, CLA neurons may be driven by a set of subcortical regions implicated in setting motivational and arousal states (summarized in Figure 7e ).
Finally, it is worth noting that very little interaction was observed between RSP-projecting CLA neurons and primary motor and somatosensory cortices in our input-output studies. This is similar to previous observations made by Wang et al. (2016) , however other studies have suggested that a dorsal component of the CLA may be reciprocally connected with motor and somatosensory areas (Sadowski et al., 1997; Smith & Alloway, 2014; White et al., 2016) . To test whether these motor cortex-projecting neurons overlap with RSP-projecting CLA neurons, we injected CTB 488 into the primary motor cortex 
| DISCUSSION
In this study, we used a retrograde viral injection strategy to access CLA neurons that project to RSP. We found that injections of AAVretro- (3) and showed for the first time the presynaptic sources of input to the CLA from across the entire brain using monosynaptic rabies tracing.
Several studies have systematically examined the output of the CLA in rodents using anterograde or retrograde tracing techniques (Sadowski et al., 1997; Smith & Alloway, 2014; Wang et al., 2016; White et al., 2016) . These studies characterized widespread projections to the ipsilateral cortex, and, in particular, emphasized strong innervation of higher cortical centers in prefrontal, cingulate, and ret- Table 1 for  list of abbreviations inconsistent, however, and may be due to the spread of injections into the surrounding insular cortex. Using our projection-based approach to selectively target CLA neurons, we observed sparse termination in the BLA, however no other subcortical projections were identified.
This suggests that CLA output is almost entirely restricted to the cortex, and previously observed thalamic and striatal projections may have arisen from labeled neurons in layers 5 and 6 of the insular cortex. In addition, we did not see any projections directly into, or from, Table 3 for summary of cell counts. (b) Quantification of bilateral asymmetry in the number of cells projecting to CLA from ipsilateral and contralateral cingulate, medial prefrontal cortex (mPFC), and all other cortical regions. Percentages reflect the number of cells quantified for ipsilateral or contralateral regions divided by the total number of cells quantified for that specific region for each case (n = 4 animals; error bar = 95% CI; n.S., not significant, **p < 0.01, ***p < 0.001; paired t test). (c) Fraction of total cells projecting to CLA from cortical versus subcortical brain regions (n = 4 animals, error bar = 95% CI, ***p < 0.001, paired t test). (d) Schematic of monosynaptic rabies virus injection strategy for labeling basal forebrain neurons that project to CLA in GAD67-GFP mice. (e) Retrograde labeling in basal forebrain (red). Cells co-localized with both GAD67-GFP inhibitory neurons (green) and cholinergic neurons (ChAT+ immunostaining, blue). (f ) Quantification of co-localization with ChAT+ and GAD67+ neurons expressed as a percentage of total RAV+ neurons in the basal forebrain for each case (n = 3 mice, error bar = 95% CI, total cell counts for all three mice: 424 ChAT+/663 RAV+ cells, 137 GAD67+/663 RAV+ cells) the overlying insular cortex, as has been noted in some previous studies (Kitanishi & Matsuo, 2017; Wang et al., 2016) . This is in line with previous work in cat reporting such a lack of connections (Markowitsch, Irle, Bang-Olsen, & Flindt-Egebak, 1984), and suggests that the CLA functions separately from the insula, despite residing within its deepest layers. These observed differences in connectivity et al., 2014) . Gene expression is enriched in a dorsal population of cells that may correspond to motor cortex projecting CLA neurons. In situ hybridization (ISH) data from the Allen brain atlas database (www.brain-map.org, experiment #72340108). (d) Schematic showing distinct network relationships for EPd and CLA as well as the potential inclusion of a dorsal CLA region that interacts specifically with somatosensory and motor cortex (see Smith & Alloway, 2014; Watson et al., 2017 ; but also see Mathur et al., 2009; Wang et al., 2016) . (e) Schematic representation of major inputs to CLA characterized in this study. Major inputs include medial prefrontal, cingulate, and retrohippocampal cortical regions (dark gray); and neuromodulatory (BF, DR), midline thalamic (PVT, RE), amygdalar (BLA), supramammillary (SUMl), and ventral hippocampal (CA1v) subcortical regions (light gray). (f ) Summary of CLA output. Axonal projections are predominately restricted to ipsilateral cortex, except for a sparse subcortical projection to basolateral amygdala (BLA). Dense projections are found along midline cortical regions, including orbital, medial prefrontal, cingulate, and retrosplenial areas, as well as more laterally located temporal (TEa), entorhinal (ENT), and retrohippocampal (PRE, POST) regions. Substantial projections were also found diffusely throughout posterior parietal (PTLp) and visual (VIS) cortical regions may be due to the enhanced selectivity in labeling CLA neurons, but not surrounding cell types, afforded by our projection-based targeting approach.
Despite extensive work characterizing CLA output, the degree to which these neurons segregate to form target-specific output populations or collateralize to uniformly innervate the cortex remains unknown. This is important to resolve as some studies suggest the CLA may be organized into modules with distinct input and output (Atlan et al., 2016; Kitanishi & Matsuo, 2017; Smith & Alloway, 2014; White et al., 2016) , however recent findings based on the reconstruction of several individual CLA neurons suggest that they are capable of collateralizing to a large number of cortical targets and may therefore broadly influence cortical function (Wang et al., 2017) . Our multifluorescent retrograde tracing revealed that 23-57% of CLA neurons projecting to either V1, RSP, or ACA, also projected to another target, and a modest fraction (15-32%) projected to all three targets. The lower ends of these ranges corresponded to the ACA-projecting population, which consistently showed a lower fraction of co-labeling due to the comparatively larger (roughly twofold greater) total population of CLA cells back-labeled with each injection (Figure 1c,d ; Table 2 ).
These co-labeling percentages are much higher than previously reported (Kitanishi & Matsuo, 2017; White et al., 2016 ), yet still likely represent an underestimate of the total number of CLA neurons that collateralize to multiple targets, given that each injection site samples only a small region of cortical space.
These data shed some light on the frequency of multi-targeting for CLA neurons, but still do not resolve whether projection-defined populations exhibit bias in their output profile and thus represent unique output channels from the CLA. To address this, we examined the pattern of axonal output from three different target-defined CLA populations. Surprisingly, no significant difference in the cortical innervation pattern (as determined by two-way ANOVA) was observed for CLA neurons defined by their projection to ACA, RSP, or V1, though caution must be taken in interpreting these data given the high false discovery rate associated with smaller sample sizes (n = 3 in this case, see Colquhoun, 2014) . In addition, each population innervated the full set of cortical targets previously described for two genetically defined CLA populations (Gnb4+ and Ntng2+; Wang et al., 2016) , suggesting that the output from each of these target-defined populations may be representative of the CLA as a whole, at least as it is defined here (i.e., within the region characterized by dense PV-and Gng2-immunoreactivity, which has been shown to circumscribe cingulate-and retrosplenial-projecting CLA populations; see Kim et al., 2016; Mathur et al., 2009; White et al., 2016; and In addition, future studies may seek to clarify the existence of a more dorsally situated population of CLA neurons that preferentially interacts with primary motor and somatosensory cortex, as suggested by previous work using anterograde and retrograde tracer injections in these regions (Smith & Alloway, 2010 White et al., 2016) .
These neurons appear to be largely segregated from the ACA-, V1-, and RSP-projecting CLA neurons defined in this study, as axonal output from the latter populations was extremely sparse or absent in primary motor and somatosensory cortex (Figures 2c and 3a) , and dualretrograde injections in RSP and primary motor cortex revealed mostly non-overlapping cell populations along the CLA axis (Figure 7b ). This population may therefore function in parallel with the more ventrally defined CLA region in this study, perhaps analogous to the endopiriform nucleus which lies below the CLA and interacts specifically with olfactory-related cortical networks (Watson, Smith, & Alloway, 2017 ; Figure 7d ). Whether or not these motor cortex-projecting neurons share genetic and morphological features of CLA neurons, however, or rather belong to deep layers of overlying gustatory and visceral cortex requires further investigation .
Several studies have systematically characterized inputs to the CLA in rodents using anterograde tracing (Atlan et al., 2016; Wang et al., 2016) . This approach comes with some limitations; however, the extent to which axons projecting to the CLA form synaptic connections or merely pass through the structure remains uncertain, and the laminar distribution and morphological identity of the input neurons are not revealed. We therefore used monosynaptic rabies virus tracing to directly reveal this information and disambiguate the synaptic nature of the input. Using RSP-projecting CLA neurons as a starter population, we demonstrated widespread inputs from both cortical and subcortical regions. Most presynaptically labeled cells were found in the cortex (84% of total) and the greatest sources of input were often the same cortical regions that received the densest innervation from the CLA, including orbital, mPFC, cingulate, and entorhinal cortices, suggesting a reciprocal network among these higher order cortical regions and the CLA. An exception however, was RSP, which was found to receive strong input from CLA, but did not project back.
Additionally, most input to the CLA arose from sources ipsilateral to the injection site, however about half of the input from mPFC and over 60% from ACA arose from the contralateral hemisphere. This is in agreement with previous observations reported with retrograde (Smith & Alloway, 2010) and anterograde tracing (Atlan et al., 2016; Smith & Alloway, 2014; Wang et al., 2016) , however the functional significance of this bilateral asymmetry remains to be determined. It is interesting to note, as well, that such widespread presynaptic input, from nearly all of the potential sources implicated in previous studies (e.g., Wang et al., 2016) , was observed for this projection-defined population of starter cells. This suggests that inputs to CLA neurons, in general, may be highly convergent and points to a more uniform, rather than modular, circuit organization for this structure in the mouse brain. Finally, it should be noted that this study reveals inputs specifically to excitatory principal neurons in CLA, so it remains to be determined whether there are any differences in the sources or bias of inputs to local inhibitory cell-types within the CLA circuit.
Inputs to the CLA from subcortical regions have not been systematically reported. We therefore examined the entire brain for any sources of subcortical input to the CLA. Interestingly, we found prominent labeling in regions implicated in regulating the arousal and the affective state of the animal, including the basolateral amygdala, CA1 region of the ventral hippocampus, paraventricular (PVT), and reuneins (RE) nuclei of the thalamus, lateral supramammillary nucleus (SUMl), and serotonergic and cholinergic inputs from the dorsal raphe and basal forebrain, respectively (Hu, 2016; Reppucci & Petrovich, 2016; Swanson, 2000; Vertes, Linley, & Hoover, 2015) . Many of these regions have been shown to modulate their activity in response to rewarding or aversive stimuli or to cues that predict such outcomes (Beyeler et al., 2018; Burgos-Robles et al., 2017; Hangya, Ranade, Lorenc, & Kepecs, 2015; Jimenez et al., 2018; Matias, Lottem, Dugué, & Mainen, 2017; Zhu, Wienecke, Nachtrab, & Chen, 2016) . The CLA may therefore integrate some of these response features and broadcast its output to the cortex to modulate processing under emotionally salient conditions. Taken together, our results provide a more complete understanding of the CLA network in the mouse brain and provide an alternative approach for precisely targeting CLA neurons that may be adapted for use in future functional studies.
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